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Abstract: Transition metal hexacyanoferrate/microporous activated carbon composites were obtained
using a simple successive impregnation approach. The effect of metal type (nickel, indium, or copper),
and the carbon oxidation on the composite characteristics (porosity, metal structure, and particle
size), as well as on the removal efficiency of cesium from aqueous solution was investigated.
Successful formation of the desired metal hexacyanoferrate phase was achieved and the size of
the metallic nanoparticles and their dispersion in the carbon network was found to depend on
the metal type, with the indium and nickel-based materials exhibiting the smallest particle size
distribution (< 10 nm). Adsorption tests performed under batch conditions demonstrate that the
copper hexacyanoferrate/activated carbon composite present the highest cesium removal capacity from
aqueous solution (74.7 mg·g−1) among the three studied metal-based nanocomposites. The carbon
oxidation treatment leads to the increase in the number of functional groups to the detriment
of the porosity but allows for an improvement in the Cs adsorption capacity. This indicates
that the Cs adsorption process is governed by the carbon surface chemistry and not its porosity.
Moreover, combining oxidized carbon support with copper hexacyanoferrate induces the highest
cesium adsorption capacity (101.5 mg·g−1). This could be related to synergistic effects through two
absorption mechanisms, i.e., a cation exchange mechanism of Cs with the metallic hexacyanoferrate
phase and Cs adsorption via carbon oxygen surface groups, as demonstrated using X-ray photoelectron
spectroscopy (XPS) analyses.
Keywords: potassium metal hexacyanoferrate; activated carbon; Cs adsorption; impregnation
1. Introduction
In case of a nuclear power plant accident, such as Fukushima-Daiichi and Chernobyl disasters,
various radionuclides might be released into the environment. In fact, seawater used for the reactor
cores cooling at Fukushima-Daiichi was contaminated with various radionuclides. Among them,
uranium (235U) produces a high amount of 135Cs and 137Cs fission products, which have long half-lives
(2 × 106 years and 30.17 years, respectively), are highly radiotoxic and represent a serious threat for the
environment. Moreover, due to the rather similar structure as potassium, it replaces potassium and
gets easily incorporated in soil and water leading to the destruction of the eco-system. If ingested,
Cs may induce severe diseases such as cancer [1]. Therefore, there is a great need to remove Cs from
radioactive waste waters in order to avoid all these negative impacts on human and environment.
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Different techniques such as ionic exchange, reverse osmosis, adsorption removal, and sand filtration
have been tested to remove Cs from drinking water [2]. Among these techniques, adsorption appears
as a very effective and economical process. Thus, it appears necessary to synthesize new and efficient
materials for cesium removal from water in case of contamination. In this context, different adsorbents
have been tested such as zeolites, activated carbons, and transition metal hexacyanoferrate [3].
Activated carbons, having high surface area and developed porosity, are recognized as efficient
for many pollutants captured [4]. Furthermore, activated carbons have a low cost and high mechanical
strength and good resistance toward heat, chemicals, and radiation. These materials were among
the first studied as cesium adsorbents [5]. A mixed adsorbent of chabazite, zeolite, and activated
carbon has also been employed for the simultaneous removal of cesium and iodine from low-level
liquid wastes [6]. Many works showed that the effective removal of cesium can be achieved with
activated carbons obtained from raw materials such as sawdust [7,8], date pits [9], coconut shells [10],
almond shells [11], or different commercially available activated carbons [4]. The main factors affecting
the sorption behavior of Cs of these materials are the solution pH and concentration, the presence
of some coexisting ions, and the adsorption temperature [8]. The materials characteristics may also
impact the adsorption capacity.
Transition metal hexacyanoferrates (MHCFe) are another interesting class of materials that are
efficient for Cs sorption due to their cubic structure having a size compatible with the diffusion of Cs
ions. The performance of unsupported transition metal ferrocyanides have been evaluated for Cs+
removal from contaminated water. Copper hexacyanoferrate (CuHCFe) was the first studied for cesium
sorption properties [12,13], but nickel hexacyanoferrate [14–16] and cobalt hexacyanoferrate [17] were
also employed. While it is difficult to compare the performances of these materials due to the different
conditions employed during cesium adsorption measurements, the maximum sorption properties
have been attained by copper and nickel hexacyanoferrate materials [18]. It has been pointed out
that these materials exhibit their best performances at a nanometer scale. However, manipulating
nanoparticles induces complex problems regarding their recovery after cesium capture, which might
lead to the dispersion of hazardous materials in water [18]. To overcome the problems due to the
nanometer scale of transition metal ferrocyanides, a solution consists of using a support to immobilize
them. Prussian blue (PB, iron hexacyanoferrate) nanoparticles have been tested while associated to
cellulose nanofibers for their immobilization [19]. Composite materials combining transition metal
hexacyanoferrate nanoparticles and a porous framework, such as zeolites [20,21] and mesoporous
silica [22,23], appear very interesting for such applications. Vo et al. [24] obtained nanocrystals (2 nm)
of potassium-cobalt hexacyanoferrate by using mesoporous silica MCM-41 as a support. Chitin has
been also used as a support for different metal hexacyanoferrates [18], the maximum sorption capacities
being attained using copper and nickel hexacyanoferrate. Montmorillonite clay has been also studied as
a support for copper hexacyanoferrate and the maximum sorption capacity reached 206 mg·g−1.
Among these composite materials, the combination of activated carbon with transition metal
hexacyanoferrate is of a particular interest due to the sorption capacity of both components. Shiozaki
et al. directly impregnated Prussian blue on an activated carbon framework [25]. Hong et al. [26]
synthesized a three-dimensionally ordered porous carbon to support Prussian blue nanoparticles via
ultrasonic irradiation of FeCl3 and K3[Fe(CN)6] solution. The materials were used for a biomedical
purpose, i.e., for the elimination of Cs from intestinal and oesophagus tract contaminated human
body. The maximum 133Cs adsorption capacity was 40.07 mmol·g−1. Kawatake et al. [27] used
two successive impregnations of K4[Fe(CN)6] and FeCl3 to obtain a Prussian blue/activated carbon
composite. The Cs adsorption capacity reached 10.4 µmol·g−1 at the equilibrium Cs concentration of
49 µmol·dm−3. A potassium copper hexacyanoferrate/activated carbon material was obtained using a
precipitation reaction of copper sulfate (CuSO4) with potassium hexacyanoferrate (K4[Fe(CN)6]) [28].
The same process was also used to synthesize a nickel hexacyanoferrate/activated carbon [29] composite.
Lalhmunsiama et al. [30] proposed the use of biowaste, such as rice hulls and nut waste, to prepare
activated carbon as support for nickel hexacyanoferrate, which exhibit a maximum Cs sorption capacity
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of 31.25 mg·g−1. Alternatively, Jeerage et al. [31] used cathodic deposition of nickel hexacyanoferrate
on a carbon electrode for electrochemical sorption/desorption of Cs.
In this present investigation, a simple two-steps impregnation is proposed to design new
nanocomposites materials combining highly porous commercial activated carbon (L27W) and different
transition metals (nickel, indium, and copper) hexacyanoferrate. The adsorption performances of
these synthesized nanocomposite materials are evaluated for the removal of cesium ion from aqueous
solution. In addition, the influence of activated carbon surface chemistry on the nanocomposites
adsorption efficiency is also studied. The adsorption mechanism is discussed in terms of the materials
porosity, surface chemistry, and metallic phase. The combination of functionalized carbon support
with metal hexacyanoferrate is demonstrated to be an efficient way to improve the Cs sorption capacity
through different mechanisms.
2. Materials and Methods
2.1. Materials Synthesis
All metal salt precursors were purchased from Strem Chemical Inc. (Newburyport, MA, USA)
and used without any modification: nickel nitrate hexahydrate Ni(NO3)2·6H2O (purity: 99.5%),
indium nitrate hydrate In(NO3)3·xH2O (purity: 99.999%), copper nitrate trihydrate Cu(NO3)2·3H2O
(purity: 99.5%), potassium ferricyanide K3[Fe(CN)6] (HCFe(III), purity: 98.5%), and potassium
ferrocyanide K4[Fe(CN)6] (HCFe(II), purity: 99.0%).
Activated carbon L27W (purchased from Norit N.V (Amersfoort, Netherlands) was chosen as
a support for metal hexacyanoferrate phases. Due to the presence of phosphorous residues from
the chemical activation process, L27W was preliminary washed. During this step, 10.0 g of L27W
were washed with distilled water heated at 70 ◦C, then dried in an oven (UF30 Memmert GmbH,
Büchenbach, Germany) at 80 ◦C overnight (the obtained carbon was labeled C) Another carbon support
with modified surface chemistry was prepared using a nitric acid (HNO3) treatment as follow: 5.0 g of
L27W carbon, previously washed, was introduced in 200 mL of nitric acid (5 M) and the mixture was
heated at 80 ◦C under reflux for 6 hours. Finally, the activated carbon was rinsed abundantly with
water until reaching neutral pH. This oxidized carbon was labeled as C-ox.
Four activated carbon/metal hexacyanoferrate nanocomposites were synthesized: C/NiHCFe by
combing Ni and HCFe(III), C/InHCFe by combining In and HCFe(II), C/CuHCFe by combining Cu
and HCFe(II), and C-ox/CuHCFe obtained by applying a nitric acid treatment on L27W carbon.
The two-step impregnation process was carried out as follows:
Five grams of L27W, previously washed, was introduced in a 50 mL aqueous solution of metal
(Ni, In, or Cu) nitrate at a molar concentration of 100 mM and mechanically agitated at room temperature
for 24 hours. The nanocomposite was recovered via filtration, washed with water (≈200 mL) at room
temperature and dried overnight in an oven at 80 ◦C.
The as-obtained nanocomposite was introduced in a 50 mL aqueous solution of potassium
ferricyanide (100 mM) over 24 hours for the C/NiHCFe nanocomposite while a 50 mL aqueous solution
of potassium ferrocyannide (100 mM) was used for C/CuHCFe and C/InHCFe nanocomposites. The rest
of the process (rinsing-washing-rinsing-drying) was identical.
A last sample named C-ox/CuHCFe was synthesized following the same steps as for the C/CuHCFe
but an activated carbon L27W preliminarily treated with nitric acid was used as the support.
2.2. Materials Characterization
Data were collected with a powder diffractometer D8 ADVANCE A25 from Bruker (Billerica, MA,
USA) in Bragg–Brentano reflexion geometry θ–θ. This diffractometer was equipped with the LynxEye
XE-T high resolution energy dispersive 1-D detector (Cu Kα1,2). Data were collected from 10◦ up
to 90◦ 2θ, with step size: 0.01◦ 2θ, and time per step: 0.5 s. Nitrogen adsorption/desorption was
measured at 77 K using an ASAP 2420 from Micromeritics (Norcross, GA, USA). Pore and micropore
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volum were calculated using density functional theory (DFT) techniques with a slit pore model.
The specific Brunauer–Emmett–Teller (BET) surface area (SBET) was calculated in the relative P/P0
domain: 0.01–0.05. The total pore volume (Vtotal pores) and the microporous volume (Vmicropores) were
calculated with DFT method. Mesoporore volume (Vmesopores) was calculated by subtracting Vmicropores
from Vtotal pores. The micropore size distribution was determined using a 2D-NLDFT (non-local density
functional theory) heterogeneous surface model for carbon materials with slit pores implemented in
SAIEUS (Micromeritics) [32]. Transmission electron microscopy (TEM) and scanning transmission
electron microscopy (STEM) pictures were obtained on a ARM200 apparatus from JEOL (Peabody, MA,
USA). EDX mapping was obtained with a JED 2300 (JEOL, Peabody, MA, USA) detector connected
to the same microscope. (X-ray photoelectron spectroscopy) XPS data were measured with a VG
Scienta SES-2002 spectrometer equipped with a concentric hemispherical analyser (Scienta Omicron,
Uppsala, Sweden). The incident radiation used was generated by a monochromatic Al Kα X-ray source
(1486.6eV) operating at 420 W (14 kV, 30 mA). A wide scan spectrum (survey) signal was recorded
with a pass energy of 500 eV and for high resolution spectra pass energy was set to 100 eV.
Thermogravimetric analyses (TGA) were performed with a Mettler-Toledo TGA/DSC 3+
(Mettler-Toledo, Columbus, OH, USA) heating at 900 ◦C with a 10 ◦C/min heating ramp under
air flow in order to determine the metal oxide residue in the nanocomposites. The results are given on
a dry basis (without water contribution).
2.3. Cesium Adsorption Tests
Cesium adsorption capacities were measured using an atomic absorption spectroscope (AA 240 FS,
Varian, Palo Alto, CA, USA). The wavelength used in atomic absorption for the cesium detection
was 852.1 nm. Cesium nitrate (CsNO3) was chosen as the precursor in the contact solution and its
concentration was fixed at 2 mmol/L (265 mg·L−1). The measurements were performed at room
temperature under agitation for a contact time of 24 hours. A calibration of cesium concentration
has been done to allow for further quantification. The nanocomposite concentration used in the
contact solution was fixed at 1 g·L−1. Thereby, 50 mg of carbon or carbon/metal hexacyanoferrate
nanocomposite and 50 mL of cesium stock solution were used. The adsorption capacities were
calculated with the following equation:
qe = (C0 − Ce) × V/m
where C0 and Ce are the initial and equilibrium concentrations of Cs+ (mg·L−1) in the aqueous phase,
respectively. V is the volume of the solution (L), m is the weight of adsorbent (g), and qe is the
adsorption amount of adsorbate per unit weight of adsorbent (mg·g−1).
3. Results and Discussion
3.1. Influence of the Transition Metal Type
The influence of metal type on the formation of C/MHCFe nanocomposites and their adsorption
capacities was examined first. General morphological and structural characteristics of the
nanocomposites were obtained by TEM and STEM studies (Figure 1). Nanoparticles were not
observed on classical TEM pictures on C/NiHCFe and C/InHCFe materials. As the contrast in STEM
images depends on atomic number Z, the metal phases will appear brighter than carbon matrix.
This behavior facilitates localization of metal nanoparticles in a carbon matrix. The STEM mode
showed that the metal was present in both nanocomposites C/NiHCFe and C/InHCFe in a very diffuse
manner. This might be related to a high density of particles in the carbon matrix. The morphology of
C/CuHCFe was quite different with nanoparticles clearly observable in both classical TEM and STEM
techniques. They were dispersed rather heterogeneously in the carbon network and their size varied
between 10 and 30 nm.
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Figure 1. (left) Classical TEM and (right) corresponding STEM pictures of C/NiHCFe (A,B), C/CuHCFe
(C,D) and C/InHCFe (E,F).
EDX mapping was performed to get more information about the local chemical composition of
the particles. As an example, Figure 2 presents the EDX mapping of C/NiHCFe material, while those of
C/CuHCFe and C/InHCFe are provided in Figures S1 and S2 (Supporting Information, SI). As observed
in Figure 2, the presence of nickel and iron, but also potassium, was detected in the material.
The superposition of the EDX mapping of these three metals revealed perfect matching, indicating the
presence of all these metals in the nanoparticle structure. A large particle placed in the extremity of the
carbon is observed as well in addition to the small particles and seems to be richer in Ni than the other
metals. For C/CuHCFe and C/InHCFe (Figures S1 and S2) the presence of potassium was also revealed
in the particle structure.
The structure of the materials was determined by XRD technique and the recorded diffractograms
are presented in Figure 3. According to the rather large FWHM (full width at half maximum) observed
for each synthesized material, a search-match process from XRD data via DIFFRAC.EVA [33] led to
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several possible phases when corresponding patterns were available in the International Centre for
Diffraction Data (ICDD) database.Materials 2019, 12, x FOR PEER REVIEW 6 of 18 
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Figure 2. EDX mapping of the C/NiHCFe material showing t ic l, iron, and potassium pr sence in
the nanoparticles. Superposition of Ni and Fe and Ni, Fe, and K mapping.
For C/NiHCFe (Figure 3a), the XRD data matched with the powder diffraction file (PDF )to lead to
two possible patterns for identification: PDF N◦00-046-0908 (Ni2Fe(CN)6-0.5H2O, F–43m, a = 10.077 Å)
and PDF N◦ 01-075-0036 (K2NiFe(CN)6, F–43 m, a = 9.96 Å). The observed FWHMs were narrower
than in the Cu compound, and the reflection positions better split because of the unit cell parameters
were slightly different. Consequently, a better matching was observed for the potassium-free NiHCFe.
However, the discrimination of one phase versus the other only on the basis of XRD remained difficult
because the experimental FWHM was too large to identify unambiguously. However, taking into
account the EDX results showing the presence of po assium in the materials, the potassium containing
NiHCFe (K2NiFe(CN)6) p ase could not be excluded.
The same observation is made for C/CuHCFe (Figure 3b). XRD data match with PDF N◦00-046-0909
(Cu2Fe(CN)6-0.5H2O, F–43m, a = 10.013 Å), and also with PDF N◦01-075-0024 (K2Cu3[Fe(CN)6]2,
F–43m, a = 9.97 Å).
This was clearly illustrated with both most intense peaks (200) and (220) (Figure 3); according
to these PDFs, the (200) and (220) reflection positions for potassium and potassium-free CuHCFe
only differed by 0.080◦ 2θ and 0.111◦ 2θ, respectively. This was between eight up to nearly ten times
smaller than the corresponding observed FWHM for th s two peaks: 0.64◦ 2θ and 1.06◦ 2θ. Therefore,
XRD data were not efficie t enough to discriminate between these two phases. Complementar EDX
mapping analysis on particles provided in the SI (Figure S1) confirmed the presence of potassium in
the C/CuHCFe material, in agreement with the XRD data showing the presence of both potassium and
potassium free CuHCFe.
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Figure 3. X-ray diffractrograms (CuKα1,2) for C/NiHCFe (a), C/CuHCFe (b), and C/InHCFe (c).
Background (default parameters for curvature and threshold in DIFFRAC.EVA) is the dotted line for
each composite. Corresponding possible PDF patterns are indicated, the inserts allowed for a better
view of details in the different pattern lines position with the most intense peaks (200) and (220). For
the InHCFe phase, theoretical peaks positions were calculated from Reference [34] and then slightly
shifted (unit cell parameter a near ≈10.43 Å).
In the case of C/InHCFe (Figure 3c), due to the absence of indium hexacyanoferrate pattern in
ICDD, Crystallography Open Date Base (COD), or International Center for Diffraction Data (ICSD)
databases [35], the phase identification required a sp cific search/match strat gy. The crystal structure of
InHCFe was rece tly reported by Chen et al. [34], which allowed for the import of the corresponding CIF
(crystallographic information file) into DIFFRAC.EVA and calculate the associated pattern (In2Fe(CN)6,
Fm–3m, a = 10.51 Å). This pattern confirmed the presence of the InHCFe phase in the nanocomposite
(Figure 3), but one notices a slight shift to highest angles of the experimental phase versus the pattern
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reflection positions. This could be an indication of the presence of potassium inside this InHCFe
compound because, as observed with the corresponding Ni or CuHCFe phases, the presence of K inside
the crystal structure decreased the unit cell parameter (from 10.013 Å to 9.97 Å (≈ 0.4%) for Cu and from
10.077 Å to 9.96 Å (≈1.1 %) for Ni). Our experimental unit cell parameter for In was around 10.43 Å,
which was ≈0.7 % from the K-free InHCFe (10.51 Å). Therefore, this pattern shift could have been related
to the presence of potassium and further confirmed by the EDX mapping results. Individual peak profile
fitting results via WinPlotr [36], after Bruker raw data conversion with PowDLL [37], were used with the
Scherrer formula [38] that can provide some qualitative estimation of the (coherently scattering) domain
size to be employed for comparison purpose in the case of our three nanocomposites. Using (200) and
(220) peaks (stronger intensity), we obtained an average apparent (coherently scattering) crystallite size
of 12.4 nm for C/NiHCFe, 8.3 nm for C/CuHCFe, and 6.3 nm for C/InHCFe.
The textural features of the materials were determined using nitrogen adsorption/desorption
measurements and the corresponding isotherms were presented in Figure 4, while textural data
extracted from isotherms were presented in Table 1.Materials 2019, 12, x FOR PEER REVIEW 9 of 18 
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Table 1. Textural characteristics of carbon supports and C/MHCFe nanocomposites extracted from
nitrogen adsorption isotherms; the amount of metal-oxide residue obtained using TGA analyses and
Cs adsorption capacities.
Material SBET(m2·g−1)
Vtotal pores
(cm3·g−1)
Vmicropores
(cm3·g−1)
Vmesopores
(cm3·g−1)
TGA Residue
(wt%)
Cs Capacity
(mg·g−1)
C 1643 0.87 0.49 0.38 6.9 6.4
C/NiHCFe 1799 0.85 0.55 0.30 8.3 24.9
C/InHCFe 1342 0.65 0.41 0.24 19.5 56.3
C/CuHCFe 1450 0.74 0.43 0.31 9.2 74.7
C-ox 573 0.31 0.21 0.10 4.2 46.9
C-ox/CuHCFe 246 0.12 0.09 0.03 13.6 101.5
Key to abbreviations: C—activated carbon; C-ox—oxidized carbon with nitric acid; NiHCFe—nickel
hexacyanoferrate; InHCFe—indium hexacyanoferrate; CuHCFe—copper hexacyanoferrate.
The isotherms were of type I specific to microporous materials (pore size < 2 nm), but a small
hysteresis was observed indicating small mesopores. The specific surface area of LW27 carbon
was 1643 m2·g−1, while the total pore volume was 0.87 cm3·g−1, distributed between micropores
(0.49 cm3·g−1) and mesopores (0.38 cm3·g−1). The textural values (Table 1) showed lower porous
characteristics (specific surface area and pore volumes) for the nanocomposites compared to the
activated carbon L27W due to the presence of the metallic phase in the porous structure.
The decrease of these characteristics is more pronounced for C/InHCFe and C/CuHCFe, and both
microporosity and mesoporosity are affected. We tried to correlate this decrease of the textural values to
the amount of particles in the composite. TGA under air was used (Figure S3, Supporting Information)
which allow to oxidize (burn) the carbon and to oxidize the metallic particle and further determine the
amount of metal oxide residue formed. In the case of C/InHFe, the amount of oxides was higher, i.e.,
19.5 wt.% (Table 1) compared to C/NiHFe (8.3 wt.%) and C/CuHFe (9.2 wt.%), which exhibited similar
values. It is worth noting that due to the different nature of the metals the amount of oxides determined
by TGA cannot be directly linked to the initial amount of the metals in the material. This partly explains
why we could observe a direct correlation between the oxide amounts and the decrease of the textural
values. However, this decrease of the porous characteristics was not very important, indicating a
good accessibility from the metal phase to the surface. The increased density of these materials after
impregnation might have also influenced the calculation of these characteristics. We have observed
a more important specific surface area in the case of C/NiHCFe compared to the activated carbon.
This behavior might be linked to the presence of nanoparticles outside the porosity, thus increasing the
specific surface area due to their important surface/volume ratio.
The removal of cesium from aqueous solution with these materials was done using a batch
adsorption process. These measurements were performed at room temperature and the contact
time was fixed at 24 hours. The samples’ concentration used in the contact solution was fixed at
1 g·L−1. Thereby, we established a contact during 24 hours between 50 mg of nanocomposite and
50 mL of cesium stock solution. The cesium adsorption capacities, measured using atomic absorption,
are presented in Figure 5. They show a low cesium adsorption capacity for the activated carbon C
(6.4 mg·g−1). For the C/NiHCFe composite, the cesium adsorption activity was improved four-fold
(24.9 mg·g−1) compared to pristine carbon, but still remained low compared to other adsorbents [2,39].
The adsorption capacities obtained on C/InHCFe and C/CuHCFe were further increased to 56.3
mg·g−1 and 74.7 mg·g−1, respectively. The comparison between L27W carbon and the C/metal-based
nanocomposites adsorption capacities led to the conclusion that carbon textural properties, such as
specific surface area and pore volume, were not governing factors in the cesium adsorption process.
However, the metallic phase present in the nanocomposites clearly had a positive influence on the
adsorption capacity.
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Figure 5. Cesium adsorption capacities measured with atomic absorption spectroscopy on (a) three
C/MHCFe nanocomposites and the C reference, and (b) both pristine and oxidized carbon supports
and their corresponding CuHCFe nanocomposites.
It is now interesting to find a way to increase these performances. Therefore, we chose to modify
the surface chemistry of the L27W activated carbon as a way to increase the dispersion and the charge
of metal hexacyanoferrate adsorbed on the carbon.
3.2. Influence of the Carb Surface Chemistry
The surface chemistry of the support has an important role in a nanocomposite synthesis through
impregnation process. The nature and the concentration of oxygen surface functional groups may
impact the nanoparticles formation as well as the Cs adsorption. The surface functional groups can be
modified using thermal and chemical treatments. Oxidation in gas or liquid phase can be applied to
increase the concentration of oxygen groups present at the surface. Figueiredo et al. [40] used a nitric acid
treatment to increase the concentration of carboxyl groups (–COOH). Activated carbon (L27W)/copper
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hexacyanoferrate nanocomposite was selected to examine the effect of surface chemistry, taking into
consideration its highest performance in cesium adsorption among the synthesized nanocomposites.
The atomic composition quantification of both the pristine L27W carbon matrix and nitric acid
modified carbon were measured using two techniques: X-ray photoelectron spectroscopy (XPS) and
energy dispersive X-ray spectroscopy (EDX). The XPS technique allowed for the determination of the
atomic quantification in the surface of the material (≈10 nm), while the EDX analysis provided the
bulk composition of the material.
The wide XPS spectra (Figure 6a) show the increase of the intensity of the oxygen O1s peak for
C-ox compared to C. The increase in the oxygen content for C-ox can be seen in the high-resolution
spectra of the C1s peak (Figure 6b) due to the increase of the chemical carbon–oxygen bonds situated
between 285.5 eV and 290 eV, as indicated by an arrow. The deconvolution of the high-resolution
C1s spectra revealed the presence of several types of oxygen functional groups for the C material, i.e.,
hydroxyl/ether (C-OR, 4.4 at.%), carbonyl (C=O, 2.2 at.%), and carboxyl (O=C-O, 1.9 at.%). The acidic
treatment significantly increased the amount of all these groups for C-ox material to 6.7 at.%, 5.2 at.%,
and 5.1 at.%, respectively.
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cesium adsorption capacity of L27W carbon, C (10.2 mg·g-1, Figure 5b). The adsorption capacity 
measured for oxidized carbon was very high compared to many other works summarized in 
Khandarek et al. [41]. In that paper, the highest reported adsorption capacity was 55.5 mg·g-1 for 1000 
mg·L−1 solution of Cs in water. If one compares the adsorption capacity for similar concentration of 
Cs as in our work, i.e., 265 mg·L−1, reported values in the literature are ≈25 mg·g-1, which are two 
times lower than our values. The better performances of our materials can be explained by the 
higher amount of oxygen introduced via chemical wet modification (≈ 13 at.%) compared to 9 at.% in 
the work of Khandrarek et al. [41] where air oxidation at 300 °C was performed. When our material 
Figure 6. Wide scan (a) and C1s (b) core level XPS spectra of C and C-ox supports. Wide scan (c), O1s
(d), and K2p (e) core level XPS spectra of C/CuHCFe and C/CuHCFe-Cs.
The atomic composition is presented in Table 2, and it can be seen that C-ox presented a higher
amount of oxygen, 23.4 at.% versus 12.9 at.% for C, due to the nitric acid treatment. Nitrogen was
detected in addition on C-ox due to the nitric acid treatment. The detected phosphor was a result of the
chemical activation process of L27W with phosphoric acid. The nitric acid treatment tends to decrease
this concentration in C-ox from 1.2% to 0.2 at.%. The composition results were found rather similar
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with those obtained using the EDX technique (see Table S1, Supporting Information) indicating that
the composition was the same in the surface and in the core of the materials.
Table 2. XPS atomic quantification (at.%) of carbon supports and carbon/CuHCFe materials before and
after the Cs adsorption.
Materials C1s O1s K2p N1s P2p Cu2p3/2 Fe2p3/2 Cs3d
C 85.9 12.9 - - 1.2 - - -
C-ox 73.8 23.4 - 2.3 0.2 - - -
C/CuHCFe 82.9 13.4 1.2 1.1 1.0 0.24 0.15 -
C-ox/CuHCFe 68.5 17.8 3.2 7.6 - 1.7 1.05 -
C/CuHCFe-Cs 84.5 12.6 - 1.0 0.7 0.12 0.15 0.91
C-ox-Cs 75.4 21.5 - 1.9 - - - 1.16
The X-ray diffractograms (Figure S4) of both C/CuHCFe and C-ox/CuHCFe nanocomposites
proved the formation of similar copper hexacyanoferrate phases were as previously described.
Therefore, the oxidized carbon support did not induce modification of the metallic phase formation.
A higher concentration in copper hexacyanoferrate in the C-ox/CuHCFe sample was found in the TGA
results (see Table 1), with the final weight of copper-based residues being 13.6% for C-ox/CuHCFe
versus 9.2% for C/CuHCFe.
It was also important for the influence of the nitric treatment on the material porosity to be
evaluated. The results of nitrogen adsorption on both supports (C and C-ox) and their corresponding
nanocomposites are presented in Table 1. A drastic decrease of porous characteristics of the carbon
matrix after the nitric acid treatment was observed. The surface area decreased from 1643 m2·g−1 to
573 m2 ·g−1, while the total pore volume decreased from 0.87 cm3·g−1 to 0.31 cm3·g−1. The microporosity
and mesoporosity both decreased as well. In addition, the textural characteristics were further decreased
following the impregnation process.
Nitrogen adsorption isotherms and pore size distribution of these samples are presented in
Figure 4. While isotherms are of type I/IV for C and C/CuHCFe samples combining microporosity
and mesoporosity, the mesoporous part of these curves was difficult to observe on C-ox and almost
disappeared for the C-ox/CuHCFe sample, illustrating the decrease of mesoporosity. This observation
is in line with the pore size distribution curves, further showing the decrease of the pore volume and
size. In addition, we noticed that the incorporation of the CuHCFe phase led in both cases to a narrow
pore size distribution. This might indicate the presence of some particles in the carbon pores. It is
now very interesting to see whether the decrease of porous characteristics and the increase in the
concentration of oxygen functional groups affect the cesium adsorption performances.
Cesium adsorption measurements were done using atomic absorption spectroscopy following the
same process described above. The cesium adsorption capacity of the L27W carbon obtained after the
nitric acid treatment showed C-ox to be significantly higher (46.9 mg·g−1, Figure 5b) than the cesium
adsorption capacity of L27W carbon, C (10.2 mg·g−1, Figure 5b). The adsorption capacity measured for
oxidized carbon was very high compared to many other works summarized in Khandarek et al. [41].
In that paper, the highest reported adsorption capacity was 55.5 mg·g−1 for 1000 mg·L−1 solution
of Cs in water. If one compares the adsorption capacity for similar concentration of Cs as in our
work, i.e., 265 mg·L−1, reported values in the literature are ≈25 mg·g−1, which are two times lower
than our values. The better performances of our materials can be explained by the higher amount
of oxygen introduced via chemical wet modification (≈ 13 at.%) compared to 9 at.% in the work of
Khandrarek et al. [41] where air oxidation at 300 ◦C was performed. When our material was modified
by air oxidation at 350 ◦C, it indeed showed lower adsorption capacity values as well (17.7 mg·g−1)
compared to the one modified by chemical oxidation (46.9 mg·g−1).
This result shows that the surface chemistry of an activated carbon is a parameter strongly
influencing the cesium adsorption capacity, more than its porous characteristics (specific surface area,
pore volume), which were drastically reduced by this treatment (see Table 1). Therefore, physisorption
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on Cs in the carbon porosity via weak bonds was not enough to achieve high adsorption capacity. It is
more likely that Cs interacted via chemical bonds with the observed oxygen functional groups using
XPS (C–OR (R = C or H), C=O, O–C=O). This was sustained by the decrease of the oxygen content
from 23.4 at.% for C-ox to 21.5 at.% after Cs adsorption (C-ox-Cs, Table 2). A slight decrease in the
nitrogen content (–NO-3 groups) from 2.3 to 1.9 at.% was noticed as well.
The nanocomposite obtained using oxidized carbon (C-ox/CuHCFe) as a support also possessed
a better cesium adsorption capacity (101.5 mg·g−1, Figure 5b) than the nanocomposite (C/CuHCFe)
obtained from unmodified carbon (74.7 mg·g−1, Figure 5b). However, this important adsorption
capacity was slightly contrasted with the already important Cs adsorption capacity observed on
the oxidized carbon (46.9 mg·g−1), whereas the copper residues weight measured in TGA were
more important in C-ox/CuHCFe than in C/CuHCFe, indicating a higher metal concentration in
C-ox/CuHCFe. Therefore, we could expect an increase of cesium adsorption capacities to be more
important in the case of C-ox/CuHCFe. This might be related to CuHCFe nanoparticles, which via
functional groups, are fixed to the carbon structure. Such functional groups are no longer available
that would have otherwise contributed to cesium adsorption capacities. Such a hypothesis is sustained
by the XPS results, showing a decrease in the oxygen content from 23.4 at.% for C-ox to 17.8 at.% for
C-ox/CuHCFe; therefore, some oxygenated groups were removed from the carbon surface to leave a
place for metal salts to anchor, most probably in the carbon defects (Table 2).
Although it is difficult to compare these results in a rigorous manner with those reported in other
publications due the differences on the methodologies of cesium adsorption testing, an attempt is done
as presented in Table 3. The adsorption capacity corresponding to different materials extracted from the
literature allow one to first notice that a cesium adsorption capacity above 100 mg·g−1, which is very
interesting. Values higher than 150 mg·g−1 are reported only for composites containing a polymer phase
(P4VB, PVA, PRG) in addition to carbon and metal hexaceyanoferrate phase; however, such polymers
do not present high chemical and mechanical stability as is advantageously provided by carbon.
Table 3. Cs+ adsorption capacity extracted from the literature for different materials.
Adsorbent Type Adsorbent Name Sorption Capacity(mg·g−1) Reference
Activated Carbon 6 [28]
Carbon Oxidized MWCNTs 12.75 [42]
Oxidized bamboo charcoal 53.5 [41]
C-ox 46.9 This study
NiHCFe-AC(R) 31.2 [30]
AC/KHCFe 1.38 [27]
Carbon/MHCFe AC/CuHCFe 61.2 [28]
AC/KNiCFe 163.9 [29]
C-ox/CuHCFe 101 This study
MWCNTs-P4VB-CuHCFe 150 [43]
Carbon/Polymer/HCFe SWCNTs-PRG-CuHCFe 240 [44]
Graphene Oxide-PVA-CuHCFe 164.5 [45]
Key to abbreviations: MHCFe—metal hexacyanoferrate; NiHCFe—nickel hexacyanoferrate; KHCFe—potassium
iron hexacyanoferrate; CuHCFe—copper hexacyanoferrate; KNiCFe—potassium nickel hexacyanoferrate;
AC—activated carbon; MWCNTs—multi wall carbon nanotubes; SWCNTs—single wall carbon nanotubes;
P4VB—poly(4-vinylpyridine); PRG—propargylamine; PVA—poly vinyl alcohol.
To get more insights in the adsorption mechanism of Cs, XPS analyses were performed on
C/CuHCFe composite materials before and after Cs adsorption (Figure 6c–e and Table 2).
The wide XPS spectra (Figure 6c) of C/CuHCFe and C/CuHCFe-Cs show that after the Cs
adsorption process there was a decrease of the oxygen peak, the disappearance of potassium peak,
and the appearance of the Cs peak. The O1s spectra of C/CuHCFe and C/CuHCFe-Cs (Figure 6d)
reveals the decrease of the chemical carbon–oxygen bonds, i.e., C–O, C=O and O=C–O (situated
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between 530 eV and 533 eV and indicated by an arrow). Moreover, the Figure 6e spectra show (in the
case of C/CuHCFe) the presence of the K2p peak having two components K2p3/2 and K2p1/2 with a
spin-orbit coupling of 2.8 eV. This K2p peak disappeared in the case of the C/CuHCFe-Cs material.
The potassium amount present in (C/CuHCFe) was 1.1 at.% (Table 2), while after Cs adsorption
(C/CuHCFe-Cs), no potassium was detected, and only Cs was observed (0.93 at.%). These results are
consistent with an ion-exchange mechanism of K+ and Cs+ reported in previous studies [18,46,47],
which could explain why potassium was not detected after the cesium adsorption. The slight decrease
of the copper concentration might also be associated to a partial replacement of copper by cesium at the
sample surface. By using copper ferrocyanide and copper ferricyanide phases (exempt of monovalent
cation), Ayrault et al. [13] proposed a complex Cs adsorption mechanism involving in a first step the
diffusion of ion pairs (Cs+, NO3-) followed by the formation of a new crystalline phase and copper
release. Han et al. [48] used copper ferrocyanide and proposed an ion exchange mechanism of Cu2+
with Cs+. In the case of our material, the ion exchange of Cu with Cs might be possible due to the
presence of a pure copper phase. According to Vincent et al. [18], the synthesis of metal cyanoferrate
usually leads to a mixture of materials with different structures and compositions exhibiting more
complex adsorption mechanisms.
Therefore, the XPS results revealed that the Cs adsorption capacity of C-ox was governed by the
carbon oxygen functional groups/defects while in the case of C/CuHCFe was more related to a “cation
exchange” mechanism. The adsorption capacities of these materials were found to be 46.9 mg·g−1
for C-ox and 74.7 mg·g−1 for C/CuHCFe. By combining the C-ox with CuHCFe, the resulting
nanocomposites (C-ox/CuHCFe) presented a Cs adsorption capacity that was higher (101.5 mg·g−1)
than the ones delivered by C/CuHCFe and C-ox, but still a bit lower than the one we could expect
through an eventual cumulative effect between these two materials. As pointed out by XPS, this effect
can be understood via the utilization of some functional groups to attach the CuHCFe nanoparticles,
which therefore are not available anymore for cesium adsorption.
Nevertheless, such an association between an oxidized activated carbon support and a metal
hexacyanoferrate phase show promise for the development of new efficient absorbents.
4. Conclusions
Novel nanocomposite materials combining a commercial activated carbon and a transition metal
(Ni, In, Cu) hexacyanoferrate phase using a very simple impregnation process have been synthesized
in this work. The nanocomposites present similar porosity, but different metal hexacyanoferrate
nanoparticle size and distributions. Among these materials, the nanocomposite C/CuHCFe exhibited
the best cesium adsorption performances (74.7 mg·g−1). Hence, the surface chemistry of the activated
carbon was modified with a nitric acid treatment in order to make it more suitable as a support for
these metal hexacyanoferrate phase. Cs adsorption tests showed that adsorption capacities were
among the highest reported yet for a carbon material (46.9 mg·g−1). This behavior could be related
to the oxygen-rich surface chemistry of the carbon, which was a far more crucial parameter favoring
cesium adsorption than the porous characteristics. In addition, the cesium adsorption capacity
obtained with C-ox/CuHCFe nanocomposite was greatly improved compared to their counterpart’s
nanocomposites using unmodified carbon support (≈100 mg·g−1). Such an improvement of the Cs
adsorption capacity was associated with a double-type absorption mechanism involving Cs “cation
exchange” with the metal hexacyanoferrate phase and Cs adsorption on the carbon–oxygen functional
groups. These performances might be further increased by tuning the surface chemistry and metal
phase loading of these materials and a cheap commercial nanocomposite for cesium-contaminated
water could become feasible.
Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/8/1253/s1,
Figure S1: EDX mapping of C/CuHCFe material showing the copper, iron and potassium presence in the
nanoparticles; Figure S2: EDX mapping of C/InHCFe material showing the potassium, indium and iron presence
in the nanoparticles; Figure S3: TGA analyses under air on C/HCFe nanocomposites (a) the weight loss and (b)
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derivative weight loss; Figure S4: X-ray diffractograms of C/CuHCFe and Cox/CuHCFe. Vertical bars indicate
peaks position of the related phase Cu2Fe(CN)6·0.5H2O and K2Cu3[Fe(CN)6]2; Table S1: Atomic quantification of
pristine C and C-HNO3 modified carbon matrix.
Author Contributions: J.K. (formal analysis, investigation, resources, writing—original draft preparation), L.L.
(methodology, validation, supervision), M.J. (methodology, validation, writing—review), J.-M.L.M. (resources,
investigation, data curation), S.H.-G. (resources, investigation, data curation), G.B. (conceptualization, funding of
the project), and G.M.G. (project administration, conceptualization, methodology, supervision, writing—review).
Funding: This work was performed in the frame of MICA institute (Material Institut Carnot Alsace) and financially
supported by ONET Technologies.
Acknowledgments: The authors kindly acknowledge Loic Vidal for the technical support with the materials
characterisation by TEM/STEM/EDX via IS2M platforms.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Alinaghizadeh, H.; Wålinder, R.; Vingård, E.; Tondel, M. Total cancer incidence in relation to 137 Cs
fallout in the most contaminated counties in Sweden after the Chernobyl nuclear power plant accident: A
register-based study. BJM Open 2016, 6, 1–8.
2. Liu, X.; Chen, G.R.; Lee, D.J.; Kawamoto, T.; Tanaka, H.; Chen, M.L.; Luo, Y.K. Adsorption removal of cesium from
drinking waters: A mini review on use of biosorbents and other adsorbents. Bioresour. Technol. 2014, 160, 142–149.
[CrossRef]
3. Zhang, H.; Kim, Y.; Hunter, T.; Brown, A.; Leeb, J.; Harbottle, D. Organically modified clay with potassium
copper hexacyanoferrate for enhanced Cs+ adsorption capacity and selective recovery by flotation. J. Mater.
Chem. A 2017, 5, 15130–15143.
4. Vanderheyden, S.R.; Van Ammel, R.; Sobiech-Matura, K.; Vanreppelen, K.; Schreurs, S.; Schroeyers, W.;
Yperman, J.; Carleer, R. Adsorption of cesium on different types of activated carbon. J. Radioanal. Nucl. Chem.
2016, 310, 301–310.
5. Koshima, H.; Onishi, H. Adsorption of metal ions on activated carbon from aqueous solutions at pH 1–13.
Talanta 1986, 33, 391–395. [PubMed]
6. Song, K.; Kim, H.; Lee, H.; Park, H.; Lee, K. Adsorption characteristics of radiotoxic cesium and iodine from
low-level liquid wastes. J. Radioanal. Nucl. Chem. 1997, 223, 199–205. [CrossRef]
7. Hassan, H.; Attallah, M.; Yakout, S. Sorption characteristics of an economical sorbent material used for
removal radioisotopes of cesium and europium. J. Radioanal. Nucl. Chem. 2010, 286, 17–26.
8. Gad, H.; Elsanafini, H.; Ali, M.; Lasheen, Y.; Abdelwahed, M. Factors affecting the sorption behavior of Cs+
and Sr2+ using biosorbent material. Russ. J. Appl. Chem. 2016, 89, 988–999.
9. Zakla-El, T.; Yakout, S.; Rizk, M.; Lasheen, Y.; Gad, H. Removal of Cobalt-60 and Caesium-134 Ions from
Contaminated Solutions by Sorption Using Activated Carbon. Adsorpt. Sci. Technol. 2011, 29, 331–344.
[CrossRef]
10. Caccin, M.; Giacobbo, F.; da Ros, M.; Besozzi, M.; Mariani, M. Adsorption of uranium, cesium and strontium
onto coconut shell activated carbon. J. Radioanal. Nucl. Chem. 2013, 297, 9–18. [CrossRef]
11. Alarifi, A.; Hanafi, H. Adsorption of cesium, thallium, strontium and cobalt radionuclides using activated
carbon. Asian J. Chem. 2011, 23, 111–115.
12. Loos-Neskovic, C.; Ayrault, S.; Badillo, V.; Jimenez, B.; Garnier, E.; Fedoroff, M.; Jones, D.J.; Merinov, B.
Structure of copper-potassium hexacyanoferrate (II) and sorption mechanisms of cesium. J. Solid State Chem.
2004, 177, 1817–1828.
13. Ayrault, S.; Jimenez, B.; Garnier, E.; Fedoroff, M.; Jones, D.; Loos-Neskovic, C. Sorption Mechanisms of
Cesium on CuII2FeII(CN)6 and CuII3[FeIII(CN)6]2 Hexacyanoferrates and Their Relation to the Crystalline
Structure. J. Solid State Chem. 1998, 141, 475–485. [CrossRef]
14. Mimura, H.; Kageymana, N.; Akiba, K.; Yoneya, M.; Miyamoto, Y. Ion-exchange properties of potassium
nickel hexacyanoferrate (II) compounds. Solvent Extr. Ion Exch. 1998, 16, 1013–1031.
15. Ismail, I.; El-Sourougy, M.; Moneim, N.; Aly, H. Equilibrium and kinetic studies of the sorption of cesium by
potassium nickel hexacyanoferrate complex. J. Radioanal. Nucl. Chem. 1999, 240, 59–67. [CrossRef]
Materials 2019, 12, 1253 16 of 17
16. Ismail, I.; El-Sourougy, M.; Moneim, N.; Aly, H. Preparation, characterization, and utilization of potassium
nickel hexacyanoferrate for the separation of cesium and cobalt from contaminated waste water. J. Radioanal.
Nucl. Chem. 1998, 237, 97–103.
17. Grandjean, A.; Delchet, C.; Causse, J.; Barré, Y.; Guari, Y.; Larionova, J. Effect of the chemical nature of
different transition metal ferrocyanides to entrap Cs. J. Radioanal. Nucl. Chem. 2016, 307, 427–436. [CrossRef]
18. Vincent, T.; Vincent, C.; Guibal, E. Immobilization of Metal Hexacyanoferrate Ion-Exchangers for the Synthesis
of Metal Ion Sorbents-A Mini-Review. Molecules 2015, 20, 20582–20613. [CrossRef]
19. Vipin, A.K.; Fugetsu, B.; Sakata, I.; Isogai, A.; Endo, M.; Li, M.; Dresselhaus, M.S. Cellulose nanofiber
backboned Prussian blue nanoparticles as powerful adsorbents for the selective elimination of radioactive
cesium. Sci. Rep. 2016, 6, 1–14.
20. Kawamura, F.; Motojima, K. Using copper hexacyanoferrate (II) impregnated zeolite for cesium removal
from radioactive liquid waste. Nucl. Technol. 1982, 58, 242–247.
21. Mimura, H.; Kimura, M.; Akiba, K.; Onodera, Y. Separation of Cesium and Strontium by Potassium Nickel:
Hexacyanoferrate(II)-Loaded Zeolite A. J. Nucl. Sci. Technol. 1999, 36, 307–310. [CrossRef]
22. Sangvanich, T.; Sukwarotwat, V.; Wiacek, R.J.; Grudzien, R.M.; Fryxell, G.E.; Addleman, R.S.; Timchalk, C.;
Yantasee, W. Selective capture of cesium and thallium from natural waters and simulated wastes with copper
ferrocyanide functionalized mesoporous silica. J. Hazard. Mater. 2010, 182, 225–231. [CrossRef] [PubMed]
23. Chang, C.-Y.; Chau, L.-K.; Hu, W.-P.; Wang, C.-Y.; Liao, J.-H. Nickel hexacyanoferrate multilayers on
functionalized mesoporous silica supports for selective sorption and sensing of cesium. Micro Mesoporous
Mater. 2008, 109, 505–512. [CrossRef]
24. Van Minh, N.; Vo, V.; Lee, H.; Kim, J.; Kim, S. Synthesis and characterization of Co-Fe Prussian blue
nanoparticles within MCM-41. Mater. Res. Bull. 2009, 44, 78–81.
25. Shiozaki, K.; Shigemoto, N. Comparative study of Cs-uptake performance by potassium iron(III)
hexacyanoferrate(II) supported on wood chips and activated carbon. J. Chem. Eng. Jpn. 2013, 46, 601–608.
[CrossRef]
26. Hong, J.-Y.; Oh, W.-K.; Shin, K.-Y.; Kwon, O.; Son, S.; Jang, J. Spatially controlled carbon sponge for targeting
internalized radioactive materials in human body. Biomaterials 2012, 33, 5056–5066. [CrossRef] [PubMed]
27. Kawatake, K.; Shigemoto, N. Preparation of potassium iron(III) hexacyanoferrate(II) supported on activated
carbon and Cs uptake performance of the adsorbent. J. Nucl. Sci. Technol. 2012, 49, 1048–1056. [CrossRef]
28. Wang, L.; Feng, M.; Liu, C.; Zhao, Y.; Li, S.; Wang, H.; Yan, L.; Tian, G.; Li, S. Supporting of potassium copper
hexacyanoferrate on porous activated carbon substrate for cesium separation. Sep. Sci. Technol. 2009, 44, 4023–4035.
[CrossRef]
29. Dashtinejad, M.; Samadfam, M.; Fasihi, J.; Fumeshkenar, F.G.; Sepehrian, H. Synthesis, characterization,
and cesium sorption performance of potassium nickel hexacyanoferrate-loaded granular activated carbon.
Part. Part. Synth. Tehnol. 2014, 32, 348–354. [CrossRef]
30. Lalhriatpuia, C.; Tiwari, D.; Lee, S.M. Immobilized nickel hexacyanoferrate on activated carbons for efficient
attenuation of radio toxic Cs(I) from aqueous solutions. Appl. Surf. Sci. 2014, 321, 275–282.
31. Jeerage, K.; Schwartz, D. Characterization of cathodically deposited nickel hexacyanoferrate for
electrochemically switched ion exchange. Sep. Sci. Technol. 2000, 35, 2375–2392. [CrossRef]
32. Jagiello, J.; Olivier, J. 2D-NLDFT adsorption models for carbon slit-shaped pores with surface energetical
heterogeneity and geometrical corrugation. Carbon 2013, 55, 70–80. [CrossRef]
33. Caussin, P.; Nusinovici, J.; Beard, D.W. Using digitized X-ray powder diffraction scans as input for a new
PC-AT Search/match program. Adv. X-ray Anal. 1988, 31, 423–430.
34. Chen, L.; Shao, H.; Zhou, X.; Liu, G.; Jiang, J.; Liu, Z. Water-mediated cation intercalation of open-framework
indium hexacyanoferrate with high voltage and fast kinetics. Nat. Commun. 2016, 7, 1–10. [CrossRef]
35. Gražulis, S.; Chateigner, D.; Downs, R.T.; Yokochi, A.F.; Quirós, M.; Lutterotti, L.; Manakova, E.; Butkus, J.;
Moeck, P.; Le Bail, A. Crystallography Open Database—An open-access collection of crystal structures.
J. Appl. Cryst. 2009, 42, 726–729. [CrossRef]
36. Roisnel, T.; Rodriguez-Carvajal, J. WinPLOTR: A Windows tool for powder diffraction patterns analysis.
Materials Science Forum. In Proceedings of the Seventh European Powder Diffraction Conference (EPDIC 7),
Barcelona, Spain, 20–23 May 2000; Delhez, R., Mittenmeijer, E.J., Eds.; Transtec Publications: Wichita, KS,
USA, 2000; pp. 118–123.
Materials 2019, 12, 1253 17 of 17
37. Kourhoumelis, N. PowDLL: a reusable. NET component for interconverting powder diffraction data: Recent
developments. Powder Differ. 2013, 28, 137–148.
38. Scherrer, P. Bestimmung der Grösse und der inneren Struktur von Kolloidteilchen mittels Röntgenstrahlen.
In Kolloidchemie Ein Lehrbuch; Springer: Berlin/Heidelberg, Germany, 1918; Volume 2, pp. 98–100.
39. Vincent, T.; Vincent, C.; Barré, Y.; Guari, Y.; le Saoutd, G.; Guibal, E. Immobilization of metal hexacyanoferrates
in chitin beads for cesium sorption: Synthesis and characterization. J. Mater. Chem. A 2014, 2, 10021.
[CrossRef]
40. Figueiredo, J.L.; Pereira, M.F.R.; Freitas, M.M.A.; Orfao, J.J.M. Modification of the surface chemistry of
activated carbons. Carbon 1999, 37, 1379–1389. [CrossRef]
41. Khandaker, S.; Toyahara, Y.; Kamida, S.; Kuba, T. Adsorptive removal of cesium from aqueous solution using
oxidized bamboo charcoal. Water Resour. 2018, 19, 35–46. [CrossRef]
42. Yavari, R.; Huang, Y.; Ahmadi, S. Adsorption of cesium (I) from aqueous solution using oxidized multiwall
carbon nanotubes. J. Radioanal. Nucl. Chem. 2011, 287, 393–401. [CrossRef]
43. Li, N.; Xu, S.; Yuan, J.; Miao, J.; Niu, L.; Song, J. In site formation and growth of Prussian blue nanoparticles
anchored to multiwalled carbon nanotubes with poly(4-vinylpyridine) linker by layer-by-layer assembly.
Mater. Chem. Phys. 2012, 133, 726–734. [CrossRef]
44. Draouil, H.; Alvarez, L.; Causse, J.; Flaud, V.; Zaibi, M.A.; Bantignies, J.L.; Oueslati, M.; Cambedouzou, J.
Copper hexacyanoferrate functionalized single-walled carbon nanotubes for selective cesium extraction.
New J. Chem. 2017, 41, 7705–7713.
45. Jang, J.; Lee, D. Enhanced adsorption of cesium on PVA-alginate encapsulated Prussian blue-graphene oxide
hydrogel beads in a fixed-bed column system. Bioresour. Technol. 2016, 218, 294–300. [CrossRef] [PubMed]
46. Takahashi, A.; Minami, N.; Tanaka, H.; Sue, K.; Minami, K.; Parajuli, D.; Lee, K.M.; Ohkoshi, S.I.; Kurihara, M.;
Kawamoto, T. Efficient synthesis of size-controlled open-framework nanoparticles fabricated with a micro-mixer:
Route to the improvement of Cs adsorption performance. Green Chem. 2015, 17, 4228–4233. [CrossRef]
47. Kim, Y.; Kim, Y.; Kim, S.; Harbottle, D.; Lee, J. Solvent-assisted synthesis of potassium copper hexacyanoferrate
embedded 3D-interconnected porous hydrogel for highly selective and rapid cesium ion removal. J. Environ.
Chem. Eng. 2017, 5, 975–986.
48. Han, F.; Zhang, G.-H.; Gu, P. Adsorption kinetics and equilibrium modeling of cesium on copper ferrocyanide.
J. Radioanal. Nucl. Chem. 2013, 295, 369–377.
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
